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Regulation of Sesquiterpene Cyclase Gene Expression’ 

Characterization of an Elicitor- and Pathogen-lnducible Promoter 
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The promoter for a tobacco (Nicofiana tabacum) sesquiterpene 
cyclase gene, a key regulatory step in sesquiterpene phytoalexin 
biosynthesis, has been analyzed. The EAS4 promoter was fused to  
the P-glucuronidase (CUS) reporter gene, and the temporal and 
spatial expression patterns of C U S  activity were examined in stably 
transformed plants and in transient expression assays using electro- 
porated protoplasts of tobacco. N o  C U S  activity was observed in  
any tissues under normal growth conditions. A low level of C U S  
activity was detected in wounded leaf, root, and stem tissues, 
whereas a much higher level was observed when these tissues were 
challenged with elicitors or microbial pathogens. l h e  CUS expres- 
sion pattern directed by the EAS4 promoter was identical to  the 
induction patterns observed for the endogenous sesquiterpene cy- 
clase genes. Neither exogenous salicylic acid nor methyl iasmonate 
induced C U S  expression; and H,O, induced GUS expression to 
only a limited extent. Although the EAS4 promoter contains cis- 
sequences resembling previously identified transcriptional control 
motifs, other cis-sequences important for quantitative and qualita- 
tive gene expression were identified by deletion and gain-of- 
function analyses. The EAS4 promoter differs from previously de- 
scribed pathogen-/elicitor-inducible promoters because it only 
supports inducible gene expression and directs unique spatial ex- 
pression patterns. 

One of the most extensively studied responses of plants 
to pathogen attack and other abiotic stresses is the syn- 
thesis and accumulation of antimicrobial phytoalexins 
(Dixon, 1986; Ku’c, 1995). synthesis and accumulation of 
phenylpropanoid-derived compounds, for example, are 
well documented for French bean (Dixon et al., 1983; 
Dixon and Harrison, 1990), alfalfa (Paiva et al., 1991), and 
parsley (Hahlbrock et al., 1981; Hahlbrock and Scheel, 
1989) cells and tissues responding to a variety of stress 
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inducers. In contrast, bicyclic sesquiterpene phytoalexins 
accumulate in cell cultures and tissues of tobacco (Nicoti- 
ana tabacum) and Capsicum annuum challenged with 
pathogen-derived elicitors such as cellulase, funga1 cell 
wall hydrolysates, and cryptogein, an extracellular pro- 
tein produced by Pkytophthora cryptogea (Brooks et al., 
1986; Vogeli and Chappell, 1988; Ricci et al., 1989; White- 
head et al., 1989; Milat et al., 1991). Sesquiterpene phy- 
toalexins are characteristic of the Solanaceae and are 15-C 
derivatives arising from the isoprenoid biosynthetic path- 
way (Chappell, 1995; Ku’c, 1995). Similar to other classes 
of phytoalexins in other plant families, sesquiterpene phy- 
toalexins are not found in healthy or control tissues, but 
only accumulate in response to elicitation or pathogen 
challenge (Bailey et al., 1975; Watson and Brooks, 1984; 
Brooks et al., 1986; Chappell and Nable, 1987). 

Earlier work demonstrated that a key regulatory step in 
the biosynthesis of capsidiol, the principal sesquiterpene 
phytoalexin found in tobacco and pepper, is catalyzed by 
EAS (Vogeli and Chappell, 1988; Facchini and Chappell, 
1992). EAS is a sesquiterpene cyclase located at a putative 
branch point in the isoprenoid biosynthetic pathway and is 
likely responsible for the diversion of C from the general 
isoprenoid pathway to phytoalexin biosynthesis (Cane, 
1981; Vogeli and Chappell, 1988). In tobacco, sesquiterpene 
cyclase enzyme activity is absent from control or nonin- 
duced cell cultures, but is induced to high levels within 8 to 
12 h of elicitor treatment. Previous studies have also dem- 
onstrated that the induction of this enzyme requires the de 
novo synthesis of the enzyme protein as well as the tran- 
scriptional activation of the corresponding gene(s) (Vogeli 
and Chappell, 1990; Facchini and Chappell, 1992). To- 
gether, these results suggest that EAS is an important 
control point for the synthesis of sesquiterpene phytoalex- 
ins, and that the level of this enzyme’s activity is primarily 
under transcriptional control. 

Facchini and Chappell (1992) previously reported 12 to 
15 copies of the sesquiterpene cyclase gene within the 
tobacco genome, suggesting a complex gene family 
wherein individual genes may be differentially regulated 
during development or in response to environmental stim- 

Abbreviations: CaMV, cauliflower mosaic virus; CHS, chalcone 
synthase; EAS, 5-epi-aristolochene synthase; IFR, isoflavone re- 
ductase; MJ, methyl jasmonate; PAL, Phe ammonia-lyase; SA, 
salicylic acid; SAR, systemic acquired resistance. 
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uli. Two particular members of this gene family have been 
cloned and sequenced. These genes, referred to as EAS3 
and EAS4, are found as a tandem repeat within 10 kb of 
each other. However, despite a very high homology 
(>90%) within the coding regions of these genes, they are 
divergent in their 5’ and 3’ sequences, which appear in 
mRNA as untranslated sequences. Based on finding 3’ 
nontranslated sequences in a cDNA clone identical to those 
in EAS4, Back et al. (1994) concluded that expression of the 
EAS4 gene was elicitor inducible. No EAS cDNA clone 
containing 5‘ or 3’ sequences homologous to those specific 
for the EAS3 genomic clone has yet been found. 

The elicitor-induced activation of sesquiterpene cyclase 
genes occurs very rapidly. For example, RNA isolated from 
2-h cellulase-treatud cell cultures already contained a sig- 
nificant amount of translationally active cyclase mRNA 
(Vogeli and Chappell, 1990). A similar rapid induction has 
also been observed for PAL and CHS, key enzymes of 
phenylpropanoid phytoalexin biosynthesis in bean (Dixon 
et al., 1983; Liang et al., 1989), and alfalfa (Jorrin and Dixon, 
1990), and has been further documented to result from a 
more rapid increase in the transcription rate of the respec- 
tive gene (Cramer et al., 1985; Somssich et al., 1986; Lawton 
and Lamb, 1987). Such results suggest that the rapid and 
selective transcriptional activation of defense gene expres- 
sion must be coupled to an elicitor recognition event by a 
very efficient signal transduction cascade (Lamb et al., 
1989; Hahlbrock et al., 1995). Little, however, is known 
about the signal transduction pathways involved in these 
processes. 

SA, MJ, and H,O, have been suggested as possible signal 
molecules mediating plant defense gene expression and 
phytoalexin accumulation (Farmer and Ryan, 1992; Gun- 
dlach et al., 1992; Chen et al., 1993; Delaney et al., 1994; 
Levine et al., 1994; Mehdy, 1994; Reinbothe et al., 1994; 
Ryals et al., 1995), but a role for these compounds in the 
activation of sesquiterpene cyclase gene expression and in 
the accumulation of sesquiterpene phytoalexins has not 
been fully explored. 

Although cell cultures are simple and convenient exper- 
imental systems for studying the regulation of sesquiter- 
pene cyclase genes, they cannot provide direct information 
on the temporal and spatial pattern of gene activation 
within an intact plant or in response to direct pathogen 
challenge. In the current work the regulatory properties of 
the EAS4 promoter are examined by analyzing GUS activ- 
ity in transgenic tobacco plants harboring EAS4 promoter- 
GUS gene constructs. The sensitive GUS assay has allowed 
us to detect elicitor- or pathogen-induced transcriptional 
activity of the EAS4 promoter at the cellular level, and was 
used to examine cell- and tissue-specific expression in in- 
tact plants. Our data demonstrate that the EAS4 promoter 
contains cis-acting elements capable of conferring qualita- 
tive and quantitative expression patterns that are exclu- 
sively associated with pathogen-, elicitor-, or wound- 
induction patterns. A possible role of SA, MJ, and H,O, as 
regulators of EAS4-specific expression or expression of 
other endogenous sesquiterpene cyclase genes has also 
been examined. 

MATERIALS AND METHODS 

Elicitor, Pathogen, and Chemical Treatments 

Cryptogein was prepared according to the method of 
Ricci (1989), and was kindly provided by Dr. Yu (Univer- 
sity of California, Davis). Approximately 50-pL aliquots of 
water (control) or elicitor (cryptogein, 25 nM) were infil- 
trated into fully expanded leaves from the abaxial side with 
a repeat pipetter (Eppendorf). The infiltrated tissues were 
collected using a cork borer 2 cm in diameter at the indi- 
cated times and were frozen at -80°C until they were 
analyzed for GUS activity. Cryptogein was also used to 
elicit root and stem segments. Roots were obtained from 
tobacco (Nicotiana tabacum) plants maintained on solid Mu- 
rashige and Skoog medium, and upper portions of stems (4 
cm below the apex) were from 2-month-old plants grown 
in a greenhouse. Roots and stems were cut into 0.5-cm 
segments and incubated with water or 100 nM cryptogein 
at room temperature under sterile conditions. 

Pseudomonas syringae pv syringae 61 and its krpH mutant 
were a gift from Dr. He (Plant Research Laboratory, Mich- 
igan State University). The P. syringae cells were grown 
overnight in Luria Bertani medium, washed twice with 
water, and resuspended in sterile water. Approximately 
50-pL aliquots of water (control) or bacterial suspensions 
(A,,, = 0.05) were locally infiltrated into leaves. 

Young, apical leaves were detached from 2-month-old 
transgenic tobacco plants and inoculated with two to four 
mycelia plugs (1 cm in diameter) of 2-d-old Pkytopkthora 
parasitica var nicotianae cultures (race O and race 1) grown 
on oatmeal agar (Tedford et al., 1990). Inoculated leaves 
were incubated on filter paper moistened with distilled 
water in a growth chamber at 25°C with constant fluores- 
cent lighting. Control samples were inoculated with sterile 
agar plugs. Inoculated tissues were collected for GUS assay 
at the indicated times using a cork borer 2 cm in diameter. 

For chemical treatments leaf discs were floated on water 
containing sodium salicylate (Sigma), MJ (kindly provided 
by Dr. Hildebrand, University of Kentucky, Lexington), or 
H,O, at the indicated concentrations in Petri dishes at 
room temperature for 24 h before tissue samples were 
collected for GUS assays. 

Sesquiterpene Cyclase Enzyme Assay and lmmunoblotting 

Cyclase enzyme activity was measured as described pre- 
viously (Vogeli and Chappell, 1990). Proteins were ex- 
tracted from control and elicitor-treated tobacco tissues by 
homogenization with 80 mM KPO, buffer, pH 7.0, contain- 
ing 20% (w/v) glycerol, 10 mM sodium metabisulfite, 10 
mM sodium ascorbate, 15 mM MgCl,, and 5 mM p- 
mercaptoethanol. Protein concentration was determined by 
the Bio-Rad assay. Equal quantities of protein (20-50 pg) 
were separated by SDS-PAGE, transferred to nitrocellulose 
membranes, and immunodetected with a monoclonal anti- 
body raised against purified tobacco sesquiterpene cyclase 
protein (Vogeli et al., 1990). 
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Gene Construction 

A 1.9-kb HindIII-HindIII fragment of the tobacco 
genomic clone gEAS4 containing a 1.2-kb 5’ untranslated 
flanking sequence was ligated into the polylinker of the 
pBluescript KS( +) vector (Facchini and Chappell, 1992) 
and sequenced according to the dideoxynucleotide chain- 
termination method (Sanger et al., 1977) with Sequenase 2.0 
(United States Biochemical). The DNA sequence was veri- 
fied by sequencing both strands of DNA. The HindIII- 
BamHI fragments of the full-length EAS4 promoter and its 
5’ deletions were generated from this 1.9-kb pBluescript 
clone using PCR and synthetic oligonucleotides, and fused 
in frame with the GUS reporter gene in the pBI221 vector or 
the pBI1O1.l binary vector (Clontech, San Diego, CA), re- 
spectively. The oligonucleotides were designed to have 
either a recognition sequence for HindIII (upstream prim- 
ers) or BamHI (downstream primer) plus 17 to 20 bp of the 
promoter sequence. A11 of these HindIII-BamHI fragments 
have 3’ end points at +67 relative to the transcription start 
site. In a11 cases the 5’ end points of the deleted EAS4 
promoter were confirmed by DNA sequencing. 

Gain-of-function constructs were prepared by cloning 
the PCR fragments of the EAS4 promoter -266 to -87, 
-266 to -187, or -160 to -87 upstream of the CaMV 35s 
minimal promoter (-90-+8), which was fused to the GUS- 
coding region. The PCR fragments of the EAS4 promoter 
containing the PstI / BstEII restriction sites were blunt-end 
ligated into the EcoRV site (located at -90) of the 35s 
promoter, which was initially isolated from the pB1221 
vector as a HindIIIlBamHI fragment and cloned in pBlue- 
script KS( +). The chimeric promoter fragments with cor- 
rect orientation were then isolated after digestion with PstI 
and BamHI and fused with the GUS reporter gene in 
pBIlOl .l. Junction sequences were confirmed by DNA 
sequencing. 

Plant Transformation and Regeneration 

Constructs cloned into binary vector pBI101.1 were 
transferred to the disarmed Agrobacterium tumefaciens strain 
GV3850 by the triparental mating procedure as described 
by Schardl et al. (1987). Tobacco plants (cv Xanthi) were 
transformed with A. tumefaciens harboring the various gene 
constructs by the standard leaf disc method, and 
kanamycin-resistant plants were regenerated as described 
by Horsch et al. (1985). Transgenic plants containing GUS 
driven by the CaMV 35s promoter were also generated as 
a means for comparing constitutive versus inducible ex- 
pression. Seeds from regenerated (R,) tobacco plants were 
germinated on medium containing 100 mg/ L kanamycin, 
and the kanamycin-resistant plants were then grown in a 
greenhouse. Fully expanded leaves (7th and 8th from bot- 
tom) of 2-month-old plants were used for GUS analysis. 

Protoplast lsolation and Electroporation 

Protoplasts were isolated from suspension cells of 2-d- 
old cultures of Nicotiana edwavdsonii as described by Kier- 
nan et al. (1993). Suspension-cultured cells were collected 

by centrifugation and 1 volume of packed cells was resus- 
pended in 2 volumes of cell wall digestion solution con- 
taining 1.5% cellulase (Onozuka RS, Karlan Chemical, 
Santa Rosa, CA), 0.15% pectolyase (Karlan Chemical) 
(w/v) in MMC medium (0.5 M mannitol, 10 mM Mes, and 
10 mM CaCl,, pH 5.6). The mixture was incubated at room 
temperature on a gyratory shaker for 3 to 4 h. Protoplasts 
(25-mL aliquots) were initially isolated by centrifugation at 
1OOg for 90 s, then resuspended with a 25% Suc solution 
containing 10 mM Mes and 10 mM CaC1, up to a total 
volume of 12 mL. One milliliter of MMC medium was 
layered on top of the resuspended protoplast solution and 
the tubes were centrifuged immediately at 5009 for 2 min. 
Purified protoplasts were removed with a pipette from the 
interface, diluted into 50 mL of MMC medium, and kept on 
ice for 3 h before electroporation. 

Immediately prior to electroporation, aliquots containing 
106 protoplasts were concentrated by centrifugation, resus- 
pended in 1 mL of electroporation buffer (0.5 M mannitol, 
5 mM Mes, and 70 mM KC1, pH 5.6), and mixed with 25 pg 
of plasmid DNA purified by CsCl centrifugation. Electro- 
poration was performed using 125 V for 20 ms (Fromm et 
al., 1985). The transfected protoplasts were washed with 10 
mL of MMC medium by centrifugation, resuspended in 8 
mL of incubation medium (0.5 M mannitol, 10 mM CaCl,, 
0.2 mM KH,PO,, 1 mM KNO,, 1 mM MgSO,, 1 mM KI, 0.001 
mM CuSO,, and 1 pg/mL 2,4-D, pH 5.6), and incubated 
with or without further addition of 1 pg/mL cellulase 
(Trichoderma viride, Sigma). Protoplasts were incubated at 
room temperature under light for 18 h before measuring 
GUS activity. 

Fluorometric GUS Assay 

Intact plant tissues were homogenized with a mortar 
and pestle in extraction buffer containing 50 mM NaPO,, 
pH 7.0, 0.05% Triton X-100, and 0.1% p-mercaptoethanol. 
Protoplasts were homogenized by vortexing in an Ep- 
pendorf tube. The homogenate was centrifuged for 5 min 
in a microcentrifuge, and the supernatant was collected 
for GUS assay. GUS activity in crude extracts was deter- 
mined as described by Jefferson et al. (1987) using 4- 
methylumbelliferyl P-u-glucuronide as a substrate and 
4-methylumbelliferone to calibrate the fluorometer. Pro- 
tein content was determined according to the Bio-Rad 
protein assay using BSA as a standard. 

Histochemical Staining for GUS 

Tissues were stained with 1 mM X-gluc (5-bromo-4- 
chloro-3-indolyl P-glucuronide) staining solution contain- 
ing 50 mM NaPO,, pH 7, 0.05% Triton X-100, and 0.1% 
p-mercaptoethanol for 12 to 16 h at 37°C. Tissues were then 
fixed in 50% ethanol, 5% glacial acetic acid, and 10% form- 
aldehyde for 2 h. Chlorophyll was removed by extensive 
washing of the tissue in 70% ethanol. Tissues for embed- 
ding were subsequently dehydrated though solutions of 
increasing ethanol concentration (twice at 70% for 8 h; 
once at 80% for 30 min; once at 90% for 30 min; and once at 
100% for 30 min). After thorough dehydration samples 
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were cleared in four changes of xylene, two changes of
paraffin-saturated xylene, and four changes of molten par-
affin. Embedded samples were then sectioned to 12 to 16
/xm of thickness. Sections were attached to glass slides,
dried, deparaffinized with xylene, and mounted with
acrylic resin.
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RESULTS

Induction of Sesquiterpene Cyclase Gene Expression
by Cryptogein

Cryptogein, a fungal protein known to induce necrosis in
tobacco plants (Billard et al., 1988; Ricci et al., 1989) and
capsidiol accumulation in tobacco cell cultures (Blein et al.,
1991; Milat et al., 1991), was used as an elicitor in the
following experiments. Cryptogein at 2 to 10 nM was suf-
ficient to induce sesquiterpene cyclase genes in tobacco cell
cultures within 4 h (data not shown). When infiltrated into
tobacco leaves at nanomolar concentrations (10-100 nM),
cryptogein caused necrotic symptoms (Fig. 1). The hyper-
sensitive response-like necrosis was evident in the infiltra-
tion zones within 12 to 18 h of infiltration. Unlike a previ-
ous report, in which cryptogein was supplied through cut
petioles and migrated throughout the plants, causing sys-
temic necrosis (Devergne et al., 1992), the localized infusion
of cryptogein induced hypersensitive response-like necro-
sis that was restricted to the infiltration zones; no necrosis
was observed in distal tissues even after several days.

Stem

Hours: o 8 8
Water Elicitor

Root

Figure 2. Induction time course of sesquiterpene cyclase protein in
elicitin-treated plant tissues. Leaf tissues were infiltrated with either
50 OM cryptogein or water, whereas cut segments of stems and roots
were incubated in water or 50 nM cryptogein. Equal quantities of
protein (25 jig per lane) were separated by SDS-PAGE, transferred to
nitrocellulose membranes, and probed for the cyclase protein using
a monoclonal antibody (Vogeli et al., 1990). The immunodetected
protein is approximately 61 kD, and the small, minor peptide de-
tected at the later times of elicitor treatment is approximately 25 kD.

Figure 1. Elicitin-induced hypersensitive response in tobacco. Zones
left of the midvein were infiltrated with approximately 25 jul of 50
nM cryptogein, whereas the comparable zones right of the midvein
were infiltrated with water. The leaf was photographed 2 d after
infiltration.

To effectively interpret the behavior of the EAS4
promoter-GUS gene fusions in transgenic plants, the time
course of cyclase protein accumulation in nontransgenic
tobacco was determined. Cyclase protein was not detect-
able in untreated tobacco leaves, roots, or stems (time
zero), but accumulated to high levels upon cryptogein
treatment (Fig. 2). Detectable levels of cyclase protein were
induced in less than 4 h, with a maximum occurring 12 to
18 h after elicitor treatment. The timing of cyclase accumu-
lation in tobacco leaves was correlated with the develop-
ment of the necrosis symptoms caused by cryptogein.
Small amounts of cyclase protein accumulated in water-
treated root and stem segments but not in water-infiltrated
leaves maintained on whole plants, indicating a wound-
inducible component of the sesquiterpene cyclase in these
tissues.

Elicitor- and Pathogen-lnducible Activation of the
EAS4 Promoter

The DNA sequence representing 1.2 kb of the EAS4
promoter (-1148 to +67) was fused in frame with the GUS
reporter gene in the binary vector pBHOl.l and was used to
generate transgenic tobacco plants. Of 12 independent
transgenic lines tested, 1 had no GUS expression and the
remaining 11 showed strong inducibility of GUS activity in
leaves challenged with elicitor (discussed more fully be-
low). As shown in Figure 3, the temporal induction of the
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Figure 3. Expression of the EAS4 promoter-GUS gene construct in 
transgenic plants. A, Time course of elicitin-inducible expression of 
CUS activity in leaves infiltrated with water or 25 nM cryptogein. 06i, 
08n, and 09p represent three independent transgenic lines of to- 
bacco containing the EAS4-GUS construct. The data represent the 
average for two separate experiments with four individual plants 
used per time point. 6, Elicitin-inducible expression of CUS activity 
in stem and root segments incubated in water or 100 nM cryptogein. 
Samples were collected immediately after preparation of the tissue 
segments (open bars), and after a further incubation of 18 h in water 
(shaded bars) or elicitin (black bars). The values indicated are aver- 
ages of GUS activity for two independent transgenic lines (03-F and 
09-P) with four individual plants used per determination. MU, 4- 
Methyl umbelliferone. 

EAS4 promoter closely resembled that of endogenous ses- 
quiterpene cyclase genes (compare with Fig. 2). No signif- 
icant increase in GUS activity was observed over the time 
course of the water treatment (control). To determine if the 
elicitor-inducible GUS activity was specific for the EAS4 
promoter, transgenic plants containing the CaMV 35s 
promoter-GUS gene fusion were also tested. No increase of 
GUS activity in any of the CaMV 35s-GUS transgenic 
leaves treated with elicitor was observed (data not shown). 

To determine if the EAS4 promoter was functional in 
tissues other than leaves, roots and stems from transgenic 

tobacco plants were segmented and incubated in water or 
100 nM elicitin. Figure 3B shows that elicitor treatment 
resulted in an approximately 15-fold increase in GUS ac- 
tivity in both stems and roots compared with the control. 
Similar to the wound-induction pattern of the endogenous 
sesquiterpene cyclase protein, a small increase in GUS 
activity was also observed for water-treated stem and root 
segments. 

Although the accumulation of sesquiterpene cyclase was 
not detectable in healthy tobacco tissues by immunoblot 
analysis, transgenic tobacco containing the EAS4 promoter- 
GUS gene fusion showed varying levels of basal expression 
of GUS activity in leaves, stems, and roots. This may be due 
to some leakiness of the EAS4 promoter, a greater sensitiv- 
ity of the GUS assay, enhanced stability of the GUS mRNA 
and protein, absence of a negative (suppressor) element 
within the 1.2-kb EAS4 promoter, andtor false positive 
measurements of GUS activity. Regardless of the reason, 
low levels of GUS activity were observed in a number of 
the transgenic lines. 

Infiltration of transgenic tobacco leaves with an incom- 
patible isolate of P. syringae pv syringae 61 resulted in a 
5.4-fold induction of GUS activity within 12 h (Table I). In 
addition, infiltration of transgenic tobacco leaves with P. 
syringae pv syringae 61 hrpH, a mutant incapable of induc- 
ing a hypersensitive response (Huang et al., 1992), also 
resulted in a significant increase in GUS activity (Table I). 

To determine if the EAS4 promoter was inducible by 
funga1 pathogens, detached leaves of transgenic tobacco 
were inoculated with P. parasitica var nicotianae, and the 
infected leaf tissue was analyzed for GUS activity after 1 d 
of incubation, a relatively early stage in disease develop- 
ment. Although it has been reported that lace O and race 1 
of P. parasitica cause different disease symptoms on differ- 
ent tobacco cultivars (Tedford et al., 1990), no significant 
difference in visual symptoms caused by these two races 
was evident on detached cv Xanthi leaves. Consistent with 
this observation, race O and race 1 of P. parasitica induced 
expression of the EAS4-GUS gene fusion equally well 
(Table I). 

Table 1. lnduction of €AS4 promoter in a representative transgenic 
tobacco line (line 09-P) by  infection with P. syringae p v  syringae 
61 (P.s.s. 611, the P. syringae p v  syringae 61 hrpH mutant, and 
P. parasitica var. nicotianae (P.P.) race O and 1 

lnfection CUS Activitva lnduction 
~ ~ ____ 

pmol M U b  mg-' protein min- -fO/d 
Control 128 1 .o 
P.s.s. 61 685 5.4 
P.s.s. 61 hrpH mutant 365 2.9 

Control 
P.p. race O 
P.p. race 1 

136 
1003 
897 

1 .o 
7.4 
6.6 

a No measurable GUS activity was detected in the free-living 
Pseudomonas or Phytophthora organisms. MU, 4-Methyl 
umbell iferone. 
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Spatial Expression Pattern of the EAS4-GUS Gene Fusion

To examine cell- and tissue-specific expression of the
EAS4 promoter, histochemical analysis of GUS activity in
transgenic tobacco was carried out. The data presented in
Figure 4 are representative of a series of observations made
at different times with several independent lines contain-
ing the EAS4-GUS gene fusion. As shown in Figure 4A,
elicitor-inducible GUS activity was restricted to the infil-
tration zones. The inducibility of the EAS4 promoter was
apparent in all cell types across a leaf cross-section, but the
staining of leaf epidermal cells was relatively weak (Fig.
4B). This is in marked contrast to the elicitor-induced GUS
expression in stems and roots.

Intense GUS staining was observed in the subepidermis
and trichomes in both stem and root sections (Fig. 4, C-L).
In stems pronounced GUS activity was confined to the
periderm, cambium, phloem, and primary xylem tissues.
Very little activity was observed in the cortex or pith re-
gions after elicitor treatment (Fig. 4, C-F). Strong elicitor-
inducible EAS4-GUS expression was also associated with
specific cell types in roots (Fig. 4, G-L). Control histochem-
ical stained root segments (transgenic but incubated with
water only) exhibited very limited, if any, staining for GUS
activity (Fig. 4, G, I, and K), whereas peridermal cells and

vascular cambium exhibited intense GUS staining after
elicitor treatment (Fig. 4, H, J, and L).

Effects of SA, MJ, and H2O2 on Expression of the
EAS4-GUS Gene Fusion

SA has been implicated as a key signal molecule in-
volved in the establishment of SAR (Malamy et al., 1990;
Metraux et al., 1990; Gaffney, et al., 1993). Recently, evi-
dence that SA plays an important role in the expression of
local resistance has also been reported (Delaney et al., 1994;
Ryals et al., 1995). To determine if SA has any effects on the
induction of sesquiterpene cyclase genes, GUS activity and
sesquiterpene cyclase enzyme activity in leaf discs from
transgenic and wild-type plants treated with increasing
concentrations of SA were determined. Figure 5 shows that
SA treatment resulted in a very modest increase in both
GUS and cyclase activities over the water treatment.

MJ, a lipoxygenase product of linolenic acid, has also
been proposed to be a signal molecule that is released by
plants in response to various stimuli, including wounding
or pathogen attack (Gundlach et al., 1992; Hildmann et al.,
1992; Reinbothe et al., 1994). Although sesquiterpene cy-
clase activity is slightly wound inducible, MJ treatment had

Figure 4. Histochemical localization of GUS expression in transgenic plants containing the EAS4-CUS gene construct.
Leaves infiltrated with water or 25 nM cryptogein were incubated 8 h before staining for GUS activity. Root and stem
segments were incubated for 12 h in water or 100 nM cryptogein before staining for GUS activity. A, GUS expression in a
leaf infiltrated with elicitin (E1, E2) or water; B, cross-section of a leaf area infiltrated with elicitin (X75); C through F,
cross-sections of a stem segment treated with elicitin (X2, XI5, X60, and X60, respectively); G, a root tip of an EAS4-GUS
transgenic plant incubated in water; H, longitudinal section of a root tip after incubation with elicitin (X60); I, root segment
of an EAS4-GUS transgenic plant incubated in water (X75); J, root segment after incubation with elicitin (X75); K,
cross-section of a root segment from an EAS4-CUS transgenic plant incubated in water (X95); and L, cross-section of a root
segment treated with elicitin (X95). C, Cortex; ca, cambium; e, epidermis; p, palisade parenchyma; pe, periderm; ph,
phloem; pi, pith parenchyma; s, spongy parenchyma; t, trichome; x, xylem; and vc, vascular tissue.
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Figure 5 .  Effects of SA, MJ, and H202 on the induction of the EAS4 
promoter and endogenous sesquiterpene cyclase activity. Leaf discs 
from control and transgenic plants containing the EASCGUS gene 
fusion (line 09-P) were incubated with water or the indicated con- 
centrations of SA, MJ, or H202 for 24 h .  Leaf tissue 12  h after 
infikration with 25 nM cryptogein was used for comparison. Sesquit- 
erpene cyclase activity (A) was determined for leaf discs from non- 
transgenic plants, whereas CUS activity (B) was determined for leaf 
discs from EAS4-GUS transgenic plants. MU, 4-Methyl umbellifer- 
one. 

a limited effect on cyclase activity. In fact, MJ treatment 
inhibited the expression of the EAS4 promoter-GUS gene 
fusion in tobacco (Fig. 5). GUS activity after MJ treatment 
was only 25 to 40% that of the water controls. However, a 
slight discrepancy between quantitative levels of GUS ac- 
tivity and cyclase activity for MJ treatment was noted, and 
the small increase in cyclase activity by MJ treatment may 
represent the expression of cyclase genes other than EAS4. 

Elicitor treatment or attempted infection with an aviru- 
lent pathogen strain can cause the rapid production of 
H20, (Mehdy, 1994; Tenhaken et al., 1995), which has been 

demonstrated to induce defense gene expression as well as 
programmed cell death (Levine et al., 1994; Tenhaken et al., 
1995). Since phytoalexin accumulation is usually associated 
with these responses, the effects of H,02 on the induction 
of the EAS4 promoter and endogenous sesquiterpene cy- 
clase were examined. As shown in Figure 5, a moderately 
high concentration of exogenously applied H,02 (5 mM) 
had little effect on the induction of either GUS or cyclase 
activities, but 20 mM H202 induced a small increase in both 
cyclase and GUS activity. 

Effect of 5 '  Deletions on Elicitor lnducibility of the 
EAS4 Promoter 

The DNA sequence of the EAS4 promoter (Fig. 6) was 
compared with several other defense gene promoters, such 
as those for PAL (Lois et al., 1989), CHS (Harrison et al., 
1991), IFR (Oommen et al., 1994), PR1 (Uknes et al., 1993), 
and PR2 (van de Locht et al., 1990), for putative regulatory 
motifs, and other sequences. The EAS4 promoter does not 
contain any sequences similar to the P-box (CCANCNA- 
ACNCC) or H-box (CCTACCN,CT), cis-elements that have 
been found in several PAL and CHS promoters and impli- 
cated in elicitor inducibility (Lois et al., 1989; Yu et al., 1993; 
Dixon and Paiva, 1995; Hahlbrock et al., 1995), but does 
contain sequences that are similar to the G-box (-366) 
(Weisshaar et al., 1991; Schindler et al., 1992; Williams et 
al., 1992), the as-1 (-195) (Katagiri et al., 1989; Lam et al., 
1989), and the myb-box (-94) (Biedenkapp et al., 1988; 
Baranowskij et al., 1994). The EAS4 promoter does not 
contain an ethylene-responsive GCC-box, which is con- 
served in a number of tobacco pathogenesis-related protein 
genes (Ohme and Shinshi, 1990; Eyal et al., 1993; Hart et al., 
1993; Shinshi et al., 1995). 

The EAS4 promoter sequence was also compared with 
the EAS3 promoter, a cyclase promoter that may have only 
very limited transcriptional activity. No cDNA having 5' or 
3' nontranslated sequences corresponding to those in EAS3 
has yet to be isolated, and transient expression experiments 
using EAS3 promoter-GUS fusions (presented below) 
suggest that this promoter is not elicitor inducible. Other 
than identical sequences from -63 to the translation start 
site, there are no other similarities between these two 
promoters. 

To functionally map cis-elements that contribute to the 
elicitor-inducible nature of the EAS4 promoter, a number 
of 5' deletions in the EAS4 promoter were fused to the GUS 
reporter gene and introduced into tobacco plants (Fig. 7). 
Approximately 12 independent transformants for each con- 
struct were generated and at least 5 individual plants from 
the RI generation for each transformant were tested. 
Throughout this analysis fully expanded, healthy leaves 
(7th and 8th from the bottom) from 2-month-old plants 
were used. Variance in the levels of GUS expression for 
each transgenic line was observed and was generally 
within 50% of the average value. This leve1 of variation 
might be expected to some extent, given that the transgenic 
plants represented a segregating population homozygous 1 
heterozygous for the transgene. 
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Figure 6 .  DNA sequences for the EAS3 (A) and EAS4 (B) promoters. 
The transcription initiation sites are designated as +1 based on 
primer-extension analysis for the EAS4 promoter (Zhu et al., 1995). 
Possible CAAT and TATA sequences are found at -64 and -33 
relative to the transcription start site and are indicated by bold 
lettering. The sequences from -63 to +67 are identical in both €AS3 
and €AS4 and are underlined. Sequences having similarity to the 
G-box (Weisshaar et al., 1991 ; Schindler et al., 1992; Williams et al., 
1992), as-l (Katagiri et al., 1989; Lam et al., 1989), and myb (Bieden- 
kapp et al., 1988; Baranowskij et al., 1994) recognition sequences 
are underlined and annotated. 

Figure 7 shows the range for control and elicitor-induced 
GUS activity levels for a11 independent transgenic lines 
harboring the full-length EAS4 promoter or the 5' deletion 
constructs as indicated. The levels of GUS expression for 
each deletion construct were then averaged and are sum- 
marized in Table 11. The variation seen within the various 
transgenic lines is consistent with reports from other stud- 
ies (Peach and Velten, 1991; Uknes et al., 1993) and can be 
attributed to positional effects, how the different surround- 
ing genomic DNA influences expression of the transgene in 
the independent transformants, and variations in the num- 
ber of transgenes integrated in the plant genome. Although 
kanamycin-segregation analysis did demonstrate that sev- 
era1 transgenic lines harbored multiple copies of the trans- 
ferred DNA (data not shown), no correlation between gene 
copy number and expression was obvious. 

Deletion of the EAS4 promoter to -567 decreased the 
inducible GUS activity leve1 to 50% of that in plants with 
the full-length promoter (- 1148 to +67) (Table 11). Deletion 
to -212 decreased inducible GUS activity by an average of 
90%. Further deletion to -160 decreased GUS activity to 
2% of that in plants with the full-length promoter. Al- 
though deletion to -160 removed DNA elements impor- 
tant for high levels of GUS expression, the sequences 
downstream of -160 were sufficient to direct elicitor- 
inducible expression in leaf, stem, and root tissues (stem 
and root data not shown). As shown in Figure 7, a 12- to 
20-fold induction of GUS activity in leaves was observed 
for a11 transgenic lines examined. 

Further deletion of the promoter to -115 and to -63, 
which contains a consensus TATA box sequence, com- 
pletely abolished elicitor-inducible expression of the chi- 
meric gene. No increase in basal expression of GUS activity 
was observed for either the -115 or the -63 deletions (Fig. 
7), which would have implied the presence of a cis- 
sequence imposing suppression of gene expression. Of 12 
lines containing the -115 construct, 1 showed extraordi- 
narily high levels of constitutive GUS expression, which 
may reflect a unique integration site of this transgene into 
the genome. 

Similar results were obtained using transient expression 
analysis. The 5' deletion constructs cloned into pBI221 
vectors were introduced into tobacco protoplasts by elec- 
troporation and analyzed for GUS activity after incubation 
of the protoplasts with and without additional elicitor (Fig. 
8). As observed with the stable transgenic lines, deletions 
into the EAS4 promoter brought about a quantitative de- 
crease in GUS expression. Moreover, in spite of the high 
background of GUS expression that was presumably due to 
the elicitation occurring during the preparation of the pro- 
toplasts (Roby et al., 1991; Mohan et al., 1993), the proto- 
plasts were able to respond to a subsequent elicitor treat- 
ment. The levels of GUS activity for 5' deletions to -567, 
-212, and -160 were significantly elevated by the elicitor 
treatment and were approximately 2-fold greater than the 
GUS activity measured in protoplasts not receiving addi- 
tional elicitor. In contrast, elicitor treatment resulted in 
only a marginal increase in GUS activity for the -63 dele- 
tion, similar to the increase in GUS activity observed for a 
promoterless GUS construct. For comparison, neither of the 
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Figure 7. Deletion analysis of the EAS4 promoter. Constructs were prepared by deleting 5 ’  sequences from the full-length 
(-1148 bp) EAS4 promoter-CUS construct (A); the 5’ deletion end point coordinates are -212 (B), - 1  15 (C), -567 (D), 
-160 (E), and -63 (F) relative to the transcription start site (+l). GUS activity in leaf samples of 9 to 12 independent 
transgenic lines for each deletion construct was determined 12 h after infiltration with water (control, open bars) or 25 nM 
cryptogein (elicited, black bars). Values in the bar graphs represent the means and SES for five to eight separate experiments. 
MU, 4-Methyl umbelliferone. 

constructs using the EAS3 promoter fused to GUS, and the 
promoterless GUS construct exhibited significant elicitor- 
inducible GUS activity. 

Cain-of-Function Analysis of Sequences Upstream of -87 

The 5’ deletion studies suggested that sequences from 
-160 to -115 were critica1 for elicitor inducibility. To more 
definitively identify those cis-elements responsible for the 
elicitor inducibility, severa1 gain-of-function constructs 
were tested in transgenic plants (Fig. 9). Somewhat unex- 
pectedly, the sequences upstream of -87 were not suffi- 
cient to confer elicitor inducibility onto the CaMV 35s 
minimal promoter (-90 to +8). Only two of five indepen- 
dent transformants harboring the EAS4 promoter sequence 
between -160 and -87 showed small increases in GUS 
activity after elicitor treatment. In addition, the variance in 
the GUS activity between independent lines for these con- 

structs was much greater than for the 5’ deletion con- 
structs. For example, GUS activity levels in independent 
transformants containing the -160 to -87 construct varied 
from 14 to 209 units for control and from 15 to 291 units for 
elicitor treatment. Nonetheless, none of the gain-of- 
function constructs demonstrated a convincing leve1 of 
elicitor inducibility. 

DI SC U SSI ON 

Capsidiol, the principal sesquiterpene phytoalexin found 
in tobacco and other Solanaceous plants, is not detectable 
in healthy (control) plant tissues but rapidly accumulates 
in tobacco plants challenged with viral, bacterial, or funga1 
pathogens (Bailey et al., 1975; Guedes et al., 1982; Ricci et 
al., 1989) and in cell cultures treated with a variety of 
elicitors (Brooks et al., 1986; Vogeli and Chappell, 1988; 
Whitehead et al., 1989; Milat et al., 1991). Work from this 
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Table II. Effect of 5' deletions of the €AS4 promoter on the average levels of GUS expression in 
transgenic tobacco leaves 

Average CUS Activitya 

Control Elicited 
5' Deletions Average lnduction No. of Linesb 

I pmol MW mg- protein min- -fold 
-1148 173 2 201 1889 2 908 10.9 11 
-567 120 2 148 921 2 665 7.7 12 
-212 23 2 22 187 -t 89 8.1 11 
-1 60 2 2 2  34 2 18 17.0 9 
-115 4 ? 1 2  4 5 1 1  1 .o 8 

-63 0.2 ir 0.2 0.2 2 0.2 1 .o 6 

a Average GUS activity represents the sum of the average activities for each transgenic line within a 
deletion series divided by the number  of lines. Transgenic lines not having any GUS expression, 
control or inducible, were excluded from these calculations (see Fig. 7). MU, 4-Methyl 
umbelliferone. 

laboratory (Vogeli and Chappell, 1988; Vogeli et al., 1990) 
and others (Zook and Ku'c, 1991) has correlated the accu- 
mulation of this and related sesquiterpene phytoalexins 
with the induction of key enzymes in the isoprenoid bio- 
synthetic pathway. In particular, EAS enzyme activity, a 
sesquiterpene cyclase and putative branch point enzyme 
regulating the diversion of C from the central isoprenoid 
pathway toward sesquiterpene biosynthesis, was absent 
from control cells and was rapidly induced in response to 
elicitor treatment (Vogeli and Chappell, 1988). The induc- 
tion of this enzyme activity was further correlated with the 
de novo synthesis of the enzyme protein (Vogeli et al., 
1990), an induction in the steady-state levels of the EAS 
mRNA (Facchini and Chappell, 1992), and a rapid increase 
in the transcription rate of the EAS gene(s) (Vogeli and 
Chappell, 1990; Facchini and Chappell, 1992). 

Altogether, this evidence suggested that, at least in to- 
bacco, phytoalexin biosynthesis and accumulation in re- 
sponse to pathogen challenge was regulated primarily by 
transcriptional control of key biosynthetic enzymes. How- 
ever, although the evidence for this assertion was quite 

f 1600 
E T .- 

-489 -217 -567 -212 -160 -63 Promoter-less 
EAs3 EAS4 

Figure 8. Transient expression of the EAS3-GUS and EAS4-GUS 
constructs. CUS constructs having 5' promoter lengths relative to the  
transcription start site as indicated were electroporated into tobacco 
protoplasts. Shaded bars, Control; black bars, elicitor-treated. The 
protoplasts were subsequently incubated in the absence or presence 
of additional elicitor, cellulase (1 pg/rnL), for 18 h before determining 
GUS enzyme activities. Values in the bar graph represent the means 
and. SES for four or more replicate experiments. MU, 4-Methyl um- 
bel I iferone. 

compelling, it was complicated by the observation of a 12- 
to 15-member EAS gene family, which raised severa1 ques- 
tions about how this family might be differentially regu- 
lated by different types of pathogens and/or elicitors. 

Formally, each member of the EAS gene family could be 
differentially regulated such that one gene member might 
be expressed in leaves, another in stems, and yet another in 
roots. Although our data cannot exclude this possibility for 
other E A S  gene members, when the EAS4 promoter is 
fused to the GUS reporter gene, this promoter confers an 
inducible expression pattern onto the reporter gene that is 
similar, if not identical, to that observed for cyclase expres- 
sion throughout the plant. For example, the time course of 
GUS activity in elicitor-infiltrated EAS4-GUS transgenic 
plants paralleled the pattern observed for the endogenous 
cyclase protein. Both the endogenous cyclase protein levels 
(Fig. 2) and GUS enzyme activity (Fig. 3A) reached half- 
maximal levels within 8 h and maximal levels by 12 to 18 h 
after elicitor infiltration into leaf samples. Likewise, the 
small but significant wound induction of cyclase activity 
(data not shown) and cyclase protein (Fig. 2) within 18 h of 
preparing stem and root segments was also apparent for 
GUS activity in stem and root segments prepared from 
the transgenic plants harboring the EAS4-GUS construct 
(Fig. 3B). 

Earlier studies of elicitor-treated cell cultures suggested 
that accumulation of sesquiterpene phytoalexins in 
pathogen-challenged tobacco tissues (Bailey et al., 1975; 
Guedes et al., 1982; Ricci et al., 1989) was dependent on an 
induction of sesquiterpene cyclase enzyme activity (Vogeli 
and Chappell, 1990; Facchini and Chappell, 1992). Further- 
more, due to the complex nature of plant-pathogen inter- 
actions and the possibility that different pathogens might 
induce different signal transduction pathways leading to 
phytoalexin accumulation, select members of the cyclase 
gene family might be expected to respond differentially to 
different classes of pathogens. The results presented in 
Table I demonstrate that this is not the case for the EAS4 
gene. GUS expression was strongly induced in response to 
bacterial or funga1 inoculations of the EASCGUS trans- 
genic plants. A similar activation of GUS expression in 
response to vira1 challenge has been observed (data not 
shown), although such data are complicated by the very 
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GUS Activity (ControVElicited) 
for independent lines 

1 2 3 4 5 
-90 L I  +8 GUS 66/74 74/73 20/30 27/94 19/17 

~~ 

-266 -87 
1 EAS4 1-1 GUS 11/13 22/15 517/602 138/201 99/91 

GUS 35/41 59/50 3721374 24/22 
-266 -187 

1 EAS4 I 35s ] 

I EAS4 I I 3 5 s j  GUS 20119 209/291 14/15 92/87 72/169 
-160 -87 

Figure 9. Gain-of-function analysis of EAS4 promoter fragments. EAS4 promoter fragments with 5‘ and 3’ coordinates as 
indicated were ligated to a minimal CaMV 35s promoter (-90 to +8)  (reference), and these chimeric promoter fragments 
were fused to the GUS gene. GUS activity in leaf samples of four or five independent transgenic lines for each deletion 
construct was determined 12  h after infiltration with water (control) or 25 n M  cryptogein (elicited). Values represent the 
average GUS activity determined for two to five individual plants for each transgenic line. 

strong wound response that occurs when rubbing the leaf 
tissue with carborundum, a surface abrasive often used 
when inoculating with vira1 pathogens. 

Histochemical analysis demonstrated that the 1.2-kb 
EAS4 promoter exhibits a precise spatial expression pattern 
in response to elicitor treatment, many facets of which are 
consistent with E A S  gene expression representing a plant 
defense response. Many pathogens infect host plants 
through wound sites in the root system or through 
weather-induced breaks in the epidermal layer of stem 
cells. Once the pathogens have penetrated into the plant 
tissue, they spread throughout the plant via the vascular 
system (Agrios, 1988). The strong induction of the EAS4 
promoter in root and stem subepidermal cells and in the 
cells immediately surrounding the vascular tissues are con- 
sistent with the plant’s need to generate an effective barrier 
to microbial ingress and prevention of systemic spread. 
Expression in epidermal cells would not necessarily be 
advantageous, since the epidermis is easily breached / 
wounded in many circumstances and may not represent 
the first host cells to interact with an invading pathogen. 

Limited lnduction of the EAS4 Promoter by SA, MJ, 
or H,O, 

Inspection of the DNA sequence for the EAS4 promoter 
revealed the presence of a TGACG sequence located at 
-195. This sequence is similar to the as-1 motif found in the 
CaMV 35s promoter, a cis-acting element that has been 
correlated with root-specific expression (Lam et al., 1989). 
The as-1 sequence has also been implicated as an SA- 
responsive element and is present in the promoter se- 
quences of several plant genes associated with the estab- 
lishment of SAR (Qin et al., 1994). Although the function of 
this sequence in the EAS4 promoter is unknown, the EAS4 
promoter and endogenous cyclase genes are only weakly 
induced by SA. Moreover, the onset of SAR is a relatively 
late event accompanied by the accumulation of SA 
(Malamy et al., 1990; Metraux et al., 1990; Ryals et al., 1995), 
whereas the induction of defense genes involved in phy- 
toalexin biosynthesis (such as EAS) is very rapid (Baillieul 
et al., 1995). We cannot, however, rule out the possibility 
that low leve1 activation of these defense genes occurs later 
in systemically protected tissues. 

Similar to SA, MJ and its precursor JA reportedly trigger 
wound- and pathogen-induced defense response (Farmer 
and Ryan, 1992; Reinbothe et al., 1994), including the in- 
duction of many secondary and phytoalexin biosynthetic 
pathways (Gundlach et al., 1992; Mueller et al., 1993). Al- 
though the EAS4 promoter and endogenous cyclase genes 
were shown to be wound inducible, our data suggest that 
the wound inducibility does not involve MJ. MJ alone only 
slightly induced cyclase activity, but actually suppressed 
EAS4 promoter activity. 

Choi et al. (1994) made a somewhat similar observation 
in elicitor-treated potato tuber slices. Exogenous MJ sup- 
pressed the ability of arachidonic acid to induce HMG2 
mRNA, an mRNA for a specific HMGR isozyme correlated 
with sesquiterpene phytoalexin biosynthesis, as well as the 
accumulation of sesquiterpene phytoalexins in potato tuber 
slices. However, Choi et al. (1994) also observed that MJ 
induced the mRNA for another HMGR isozyme, HMG1, 
and steroid glycoalkaloid accumulation in wounded tuber 
slices. Ellard-Ivey and Douglas (1996) recently reported 
that MJ induced the expression of a number of furanocou- 
marin phytoalexin biosynthetic genes, including PAL, 4CL, 
and BMT in parsley cell cultures. Therefore, the role of MJ 
in wounding and defense responses appears to be plant 
and gene specific and situation dependent. 

H,O, is another putative signal molecule purported to 
transduce elicitor-pathogen-recognition events into several 
defense responses, including the activation of defense gene 
expression (Mehdy, 1994). A low concentration of H,O, 
induces expression of several cellular protectant genes, 
whereas a high concentration can induce cell death (Levine 
et al., 1994). In the current study sesquiterpene cyclase and 
the EAS4 promoter were inducible by high concentrations 
of exogenous H,O, compared with elicitor treatment. The 
rather modest induction of the EAS4 promoter and endog- 
enous cyclase enzyme activity by high concentrations of 
H,O, may simply reflect a secondary effect associated with 
cellular damage caused by such high concentration of this 
activated O, species. Therefore, it is di€ficult to discern the 
physiological relevance of such high H,O, concentrations 
on the induction of sesquiterpene cyclase gene expression 
at this time. 
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Organization of the EAS4 Promoter 

In terms of cis-sequences regulating the EAS4 promoter, 
our results indicate that there are at least three elements 
that serve to enhance elicitor-inducible expression, each 
mediating an approximately 2- to 5-fold enhancement 
(summarized in Fig. 10). These quantitative elements are 
located from -160 to -1168 bp upstream from the tran- 
scription start site and are separated from cis-sequences 
that control pathogen/elicitor inducibility. The quantita- 
tive elements act singularly or in concert to enhance induc- 
ible expression greater than 50-fold, calculated as the dif- 
ference between GUS activity driven by the full-length 
promoter and losses in expression brought about by se- 
quential deletion of sequences to -160. The EAS4 quanti- 
tative elements also qualify as enhancer-like elements (Bu- 
ratowski, 1995) because they promote elevated levels of 
expression when ligated to a minimal promoter. For exam- 
ple, a quantitative element supporting a 5- to 10-fold en- 
hancement of control and elicitor-inducible expression was 
identified between coordinates -212 and -160 based on 
deletion analysis (Table 11). Gain-of-function analysis with 
a fragment encompassing this element (-266 to -87) like- 
wise enhanced expression from the minimal 35s CaMV 
promoter on average 2- to 4-fold. 

The EAS promoter also contains multiple cis-sequences 
that control qualitative expression. An element controlling 
wound-inducible expression resides behveen -567 and 
-160, and loss of this sequence resulted in a 60-fold de- 
crease in the level of control expression (Table 11). Control 
values in these experiments actually correspond to the 
analysis of leaf tissue wounded due to the force of infil- 
trating water into its interstitial spaces. The level of GUS 
expression in leaf tissue not subject to the control water 
infiltration was considerably lower (data not shown). 

Based on a combination of deletion, gain-of-function, 
and comparative analyses, we infer that two cooperating 
cis-sequences are essential for elicitor / pathogen inducibil- 
ity. The -160 deletion mutant apparently retains a11 of the 
sequences necessary for elicitor / pathogen inducibility. Re- 
mova1 of an additional 45 bp to -115 abolished any re- 
sponsiveness of the promoter to elicitor/ pathogen treat- 
ment. However, the DNA sequence between -160 to -115 
is not sufficient to confer elicitor inducibility. Gain-of- 
function constructs containing this sequence (either - 266 

Quantitative elements 
+I 

I I cyclase structural gene 1 -2x 

-1148 -567 -212 ** 
Qualitative elements 

Figure 10. A schematic depiction of the EAS4 promoter indicating 
the relative positions of cis-sequences controlling quantitative and 
qualitative expression patterns. Quantitative elements refer to DNA 
sequences that when deleted reduce the overall level of expression 
by the factor shown. Qualitative elements refer to sequences that 
control elicitor inducibility, and their locations are inferred from a 
combination of loss-of-function and gain-of-function determinations. 

to -87 or -160 to -87) fused to the minimal CaMV 35s 
promoter were also not responsive to elicitor (Fig. 9). 

Sequence and functional comparisons between the EAS3 
and EAS4 promoters (Figs. 3 and 8) support this conten- 
tion. If sequences between -63 and +67 were sufficient for 
elicitor inducibility, then the -217 construct of EAS3 
would be expected to have similar levels of activity as the 
-212 construct of EAS4. Therefore, the cis-sequence(s) be- 
tween -160 to -115 must somehow cooperate with se- 
quences between -87 and +67 of the EAS4 promoter, 
resulting in elicitor responsiveness. The necessity for the 
coupling of two distal cis-sequences, as suggested here, 
was recently demonstrated for several ABA-responsive 
genes by Shen et al. (1995), who referred to the interacting 
cis-elements as response complexes. It remains to be deter- 
mined if we can identify an analogous elicitor-response 
complex within the EAS4 promoter. 

Uniqueness of the EAS4 Promoter 

An impressive number of elicitor- / pathogen-inducible 
genes from a wide range of plant species have been cata- 
loged. Among these, promoters for the CHS15 gene from 
bean (Dron, 1988; Harrison, 1991), the PAL-l (Lois et al., 
1989) and PR2 (van de Locht et al., 1990) genes from 
parsley, a PRlOa gene from potato (Despres et al., 1995), an 
IFR gene from alfalfa (Oommen et al., 1994), and the str246c 
(Gough et al., 1995) and several PR (Uknes et al., 1993; Eyal 
et a\., 1993; Shinshi et al., 1995) genes from tobacco have 
been examined in detail for cis-sequences controlling gene 
expression patterns. The CHS15 promoter, for example, 
contains G- and H-box elements that have been correlated 
with defense gene expression as well as proper develop- 
mental expression of the CHS gene in flowers and root 
tissues. A P-box element initially identified by in vivo 
footprinting (Lois et al., 1989) and subsequent isolation of 
BPF-1, a P-box-binding protein (da Costa e Silva et al., 
1993), is conserved in sequence and position within several 
PAL genes in parsley (Hahlbrock et al., 1995). Although no 
sequence-specific motifs have yet been specified within the 
alfalfa IFR promoter, 400 bp of the TATA-proximal portion 
of this promoter was sufficient to direct proper develop- 
mental and elicitor-inducible expression of the GUS gene in 
transgenic alfalfa (Oommen et al., 1994). 

The EAS4 promoter differs in many respects from these 
other well-characterized gene promoters. Although an 
overall organization of plant promoters with quantitative 
elements distal to the TATA box and qualitative elements 
more proximal to the transcription start site is conserved, 
sequence comparisons between these promoters with the 
EAS4 promoter have ruled out the conservation of any 
particular DNA motif or cis-sequence pivotal for elicitor / 
pathogen inducibility. Except for the EAS4 promoter, a11 of 
the defense genes analyzed to date exhibit some reactivity 
to the potentially pathogen-induced signal molecules SA, 
MJ, and H,O,. GST is induced by H,O, (Levine et al., 1994), 
PAL and other phenylpropanoid biosynthetic genes are 
activated by MJ (Ellard-Ivey and Douglas, 1996), and many 
of the PR genes are defined by their SA inducibility (Ward 
et al., 1991; Ryals et al., 1994). Except for the EAS4 pro- 
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moter, a11 of the defense gene promoters analyzed to date  
exhibit developmental o r  constitutive expression in at  least 
some tissues or  cell types. The IFR promoter directs strong 
expression i n  root meristem, cortex, a n d  nodules of trans- 
genic alfalfa plants (Oommen et al., 1994), whereas the 
str246c promoter directs very high levels of root a n d  sepal 
expression in transgenic plants (Gough et  al., 1995). Except 
for a low leve1 of wound-inducible expression, we have not 
detected any EAS4 promoter-directed GUS expression in 
any plant tissues, including flowers and a11 reproductive 
structures (S. Yin and J. Chappell, unpublished data), 
throughout plant development other than in those chal- 
lenged wíth elicitors or pathogens. 

De Wit (1992) and Oommen et al. (1994) have suggested 
that a pathogen-specific promoter might  be useful to  engi- 
neer novel disease resistance traits i n  plants. This type of 
strategy is predicated on the assumption that both an in- 
vading pathogen and a few host cells can be killed by the 
localized production of a highly toxic product. However, 
testing of this hypothesis is dependent  on the availability 
and reliability of a promoter that drives expression of the 
cytotoxic product only i n  the context of pathogen challenge 
and  not under  any other circumstances. Given this rigorous 
criteria for expression specificity, the EAS4 promoter de- 
scribed here might  be a suitable promoter for testing this 
hypothesis. 

ACKNOWLEDCMENTS 

We gratefully acknowledge the critica1 input of Drs. Art Hunt, 
Skip Waechter, and George Wagner during the course of this 
work, and thank Michael Gray for his excellent assistance with the 
tissue culture and greenhouse maintenance of the plant materials. 

Received February 5, 1997; accepted July 2, 1997. 
Copyright Clearance Center: 0032-0889/ 97/ 115/0437/ 15. 

LITERATURE ClTED 

Agrios, GN (1988) Plant Pathology, Ed 3. Academic Press, San 
Diego, CA 

Back Y, Yin S, Chappell J (1994) Expression of a plant sesquiter- 
pene cyclase gene in Escherichia coli. Arch Biochem Biophys 315: 

Bailey JA, Burden RS, Vincent GG (1975) Capsidiol: an antifungal 
compound produced in Nicotiana tabacum and N .  Clevelandii 
following infection with tobacco necrosis virus. Phytochemistry 
1 4  597 

Baillieul F, Genetet I, Kopp M, Saindrenan P, Fritig B, Kauff- 
mann S (1995) A new elicitor of the hypersensitive response in 
tobacco: a fungal glycoprotein elicits cell death, expression of 
defense genes, production of salicylic acid, and induction of 
systemic acquired resistance. Plant J 8 551-560 

Barannowskij J, Frohberg C, Part S, Willmitzer L (1994) A novel 
DNA binding protein with homology to myb oncoproteins con- 
taining only one repeat can function as a transcriptional activa- 
tor. EMBO J 13: 5383-5392 

Biedenkapp H, Borgmeyer U, Sippel AE, Klempnauer KH (1988) 
Vira1 myb oncogene encodes a sequence-specific DNA-binding 
activity. Nature 335: 835-837 

Billard V, Bruneteau M, Bonnet P, Ricci P, Pernollet J-C, Huet 
J-C, Vergne J-C, Richard G, Michel G (1988) Chromatographic 
purification and characterization of elicitors of necrosis on to- 
bacco produced by incompatible Phytophthora species. J Chro- 
matogr 44: 87-94 

527-532 

Blein JP, Milat ML, Ricci P (1991) Responses of cultured tobacco 
cells to cryptogein, a proteinaceous elicitor from Phytophthora 
cryptogea. Plant Physiol 95: 486491 

Brooks CJW, Watson DG, Freer IM (1986) Elicitation of capsidiol 
accumulation in suspended callus cultures of Capsicum annuum. 
Phytochemistry 25: 1089-1092 

Buratowski S (1995) Mechanism of gene activation. Science 270: 

Cane DE (1981) Biosynthesis of sesquiterpenes. In JW Porter and 
SL Spurgeon, eds, Biosynthesis of Isoprenoid Compounds, Vol 
1. John Wiley and Sons, New York, pp 283-374 

Chappell J (1995) The biochemistry and molecular biology of 
isoprenoid metabolism Plant Physiol 107 1-6 

Chappell J, Nable R (1987) Induction of sesquiterpenoid biosyn- 
thesis in tobacco cell suspension cultures by fungal elicitor. Plant 
Physiol 85: 469-473 

Chen Z, Silva H, Klessig DF (1993) Active oxygen species in the 
induction of plant systemic acquired resistance by salicylic acid. 
Science 262 1883-1886 

Choi D, Bostock RM, Avdiushko S, Hildebrand DF (1994) Lipid- 
derived signals that discriminate wound- and pathogen- 
responsive isoprenoid pathways in plants: methyl jasmonate 
and fungal elicitor arachidonic acid induce different 3-hydroxy- 
3-methylglutaryl-coenzyme A reductase genes and antimicro- 
bial isoprenoids in Solanum tuberosum L. Proc Natl Acad Sci USA 

Cramer CL, Ryder TB, Bell JN, Lamb CJ (1985) Rapid switching of 
plant gene expression by fungal elicitor. Science 227: 1240-1243 

da Costa e Silva O, Klein L, Schmelzer E, Trezzini GF, Hahlbrock 
K (1993) BPF-1, a pathogen-induced DNA-binding protein in- 
volved in the plant defense responses. Plant J 4: 125-135 

Delaney TP, Uknes S ,  Vernooij B, Friedrich L, Weymann K, 
Negrotto D, Gaffney T, Gut-Rella M, Kessmann H, Ward E, 
and others (1994) A central role of salicylic acid in plant disease 
resistance. Science 266 1247-1250 

Despres C, Subramaniam R, Matton DP, Brisson N (1995) The 
activation of the potato PR-lOa gene requires the phosphoryla- 
tion of the nuclear factor PBF-1. Plant Cell 7 589-598 

Devergne J-C, Bonnet P, Panabieres F, Blein J-P, Ricci P (1992) 
Migration of the fungal protein cryptogein within tobacco 
plants. Plant Physiol 99: 843-847 

De Wit, PJGM (1992) Molecular characerization of gene-for-gene 
systems in plant-fungus interactions and the application of 
avirulence genes in control of plant pathogens. AMU Rev Phy- 
topathol 30: 391418 

Dixon RA (1986) The phytoalexin response: elicitation, signalling 
and the control of host gene expression. Biol Rev 61: 239-291 

Dixon RA, Dey PM, Lamb CJ (1983) Phytoalexins: Enzymology 
and molecular biology. Adv Enzymol 55: 1-136 

Dixon RA, Harrison MJ (1990) Activation, structure and organi- 
zation of genes involved in microbial defense in plants. Adv 
Genet 28: 165-234 

Dixon RA, Paiva NL (1995) Stress-induced phenylpropanoid me- 
tabolism. Plant Cell 7: 1085-1097 

Dron M, Clouse SD, Dixon RA, Lawton MA (1988) Glutathione 
and fungal elicitor regulation of a plant defense gene promoter 
in electroporated protoplasts. Proc Natl Acad Sci USA 85: 6738- 
6742 

Ellard-Ivey M, Douglas CJ (1996) Role of jasmonates in the 
elicitor- and wound-inducible expression of defense genes in 
parsley and transgenic tobacco. Plant Physiol l l2  183-192 

Eyal Y, Meller Y, Lev-Yadun S, Fluhr R (1993) A basic-type PR-1 
promoter directs ethylene responsiveness, vascular and abscis- 
sion zone-specific expression. Plant J 4 225-234 

Facchini PJ, Chappell J (1992) Gene family for an elicitor-induced 
sesquiterpene cyclase in tobacco. Proc Natl Acad Sci USA 8 9  

Farmer EE, Ryan CA (1992) Octadecanoid precursors of jasmonic 
acid activate the synthesis of proteinase inhibitors. Plant Cell4: 

Fromm M, Taylor LP, Walbot V (1985) Expression of genes trans- 
ferred into monocot and dicot plant cells by electroporation. 
Proc Natl Acad Sci USA 82: 5824-5828 

1773-1774 

91: 2329-2333 

11088-11092 

129-134 



450 Yin et al. Plant Physiol. Vol. 11 5, 1997 

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G, Uknes S, 
Ward E, Kessmann H, Ryals J (1993) Requirement of salicylic 
acid for the induction of systemic acquired resistance. Science 
261: 754-756 

Gough C, Hemon P, Tronchet M, Lacomme C, Marco Y, Roby D 
(1995) Developmental and pathogen-induced activation of an 
msr gene, str246C, from tobacco involves multiple regulatory 
elements. Mo1 Gen Genet 247: 323-337 

Guedes MEM, Kuc J, Hammerschimidt R, Bostock R (1982) Ac- 
cumulation of six sesquiterpenoid phytoalexins in tobacco 
leaves infiltrated with Pseudomonas lachrymans. Phytochemistry 

Gundlach H, Muller MJ, Kutchan TM, Zenk MH (1992) Jasmonic 
acid is a signal transducer in elicitor-induced plant cell cultures. 
Proc Natl Acad Sci USA 89: 2389-2393 

Hahlbrock K, Lamb CJ, Purwin C, Ebel J, Fautz E, Schafer E 
(1981) Rapid response of suspension-cultured parsley cells to the 
elicitor from Phytophthora megasperma var sojae. Plant Physiol67: 
768-773 

Hahlbrock K, Scheel D (1989) Physiology and molecular biology 
of phenylpropanoid metabolism. Annu Rev Plant Physiol Plant 
Mo1 Biol 40: 347-369 

Hahlbrock K, Scheel D, Logemann E, Numberger T, Pamiske M, 
Peinold S, Sacks WR, Schmelzer E (1995) Oligopeptide elicitor- 
mediated defense gene activation in cultured parsley cells. Proc 
Natl Acad Sci USA 9 2  41504157 

Harrison MJ, Choudhary AD, Dubery I, Lamb CJ, Dixon RA 
(1991) Stress responses in alfalfa (Medicago sativa L.): cis- 
elements and trans-acting factors for the quantitative expression 
of a bean chalcone synthase gene promoter in electroporated 
alfalfa protoplasts. Plant Mo1 Biol 16 877-890 

Hart CM, Nagy F, Meins F, Jr (1993) A 61 bp enhancer element of 
the tobacco p-1,3-glucanase B gene interacts with one or more 
regulated nuclear proteins. Plant Mo1 Biol 21: 121-131 

Hildmann T, Ebneth M, Pena-Cortes H, Sanchez-Serrano JJ, 
Willmitzer L, Prat S (1992) General roles of abscisic and jas- 
monic acids in gene activation as a result of mechanical wound- 
ing. Plant Cell 4: 1157-1170 

Horsch RB, Fry JE, Hoffmann NL, Eichholtz D, Rogers SG, 
Fraley RT (1985) A simple and general method for transferring 
genes into plants. Science 227 1229-1231 

Huang HC, He SY, Bauer DW, Collmer A (1992) The Pseudomonas 
syringae pv. syringae 61 hrpH product, an envelope protein re- 
quired for elicitation of the hypersensitive response in plants. J 
Bacteriol 174: 6878-6885 

Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions: 
p-glucuronidase as a sensitive and versatile gene fusion marker 
in higher plants. EM60 J 6: 3901-3907 

Jorrin J, Dixon RA (1990) Defense responses in alfalfa (Medicago 
sativa L.). 11. Purification, characterization and induction of phe- 
nylalanine ammonia-lyases isoforms from elicitor-treated cell 
suspensions. Plant Physiol92 447455 

Katagiri F, Lam E, Chua N-H (1989) Two tobacco DNA-binding 
proteins with homology to the nuclear factor CREB. Nature 340: 

Kiernan JM, Wu FC, Goldberg K-B, Gowda S, Shepherd RJ 
(1993) Transformation in Nicotiana edwardsonii. Biotechnol Agric 
Forest 22: 294-307 

Ku’c J (1995) Phytoalexins, stress metabolism, and disease resis- 
tance in plants. Annu Rev Phytopathol 33  275-297 

Lam E, Benfey P, Gilmartin PM, Fang RX, Chua N-H (1989) 
Site-specific mutations alter in vitro factor binding and change 
promoter expression pattern in transgenic plants. Proc Natl 
Acad Sci USA 86 7890-7894 

Lamb CJ, Lawton MA, Dron M, Dixon RA (1989) Signals and 
transduction mechanisms for activation of plant defenses 
against microbial attack. Cell 56 215-224 

Lawton MA, Lamb CJ (1987) Transcriptional activation of plant 
defense genes by funga1 elicitor, wounding and infection. Mo1 
Cell Biol 7: 335-341 

Levine A, Tenhaken R, Dixon R, Lamb C (1994) H,O, from 
oxidative burst orchestrates the plant hypersensitive disease 
resistance response. Cell 79: 583-593 

21: 2987-2988 

727-730 

Liang X, Dron M, Schmid J, Dixon RA, Lamb CJ (1989) Devel- 
opmental and environmental regulation of a phenylalanine 
ammonia-lyase-p-glucuronidase gene fusion in transgenic to- 
bacco plants. Proc Natl Acad Sci USA 86: 9284-9288 

Lois R, Dietrich A, Hahlbrock K, Schulz W (1989) A phenylala- 
nine ammonia-lyase gene from parsley: structure, regulation 
and identification of elicitor and light responsive cis-acting ele- 
ments. EMBO J 8: 1641-1648 

Malamy J, Carr JP, Klessig DF, Raskin I (1990) Salicylic acid: a 
likely endogenous signal in the resistance response of tobacco to 
vira1 infection. Science 250: 1002-1004 

Mehdy MC (1994) Active oxygen species in plant defense against 
pathogens. Plant PhysiollO5: 467-472 

Metraux JP, Signer H, Ryals J, Ward M, Wyss-Benz M, Gaudin J, 
Raschdorf K, Schmid E, Blim W, Inverardi B (1990) Increase in 
salicylic acid at the onset of systemic acquired resistance in 
cucumber. Science 250: 1004-1006 

Milat ML, Ricci P, Bonnet P, Blein JP (1991) Capsidiol and eth- 
ylene production by tobacco cells in response to cryptogein, an 
elicitor from Phytophthora cryptogea. Phytochemistry 30: 2171- 
2173 

Mohan R, Vijayan P, Kolattukudy PE (1993) Developmental and 
tissue-specific expression of a tomato anionic peroxidase (tapl) 
gene by a minimal promoter, with wound and pathogen induc- 
tion by an additional 5’-flanking region. Plant MOI Biol 2 2  
475-490 

Mueller MJ, Brodschelm W, Spannagl E, Zenk MH (1993) Sig- 
naling in the elicitation process is mediated through the octade- 
canoid pathway leading to jasmonic acids. Proc Natl Acad Sci 

Ohme M, Shinshi H (1990) Structure and expression of a tobacco 
P-1,3-glucanase gene. Plant Mo1 Biol 15: 941-946 

Oommen A, Dixon RA, Paiva NL (1994) The elicitor-inducible 
alfalfa isoflavone reductase promoter confers different patterns 
of developmental expression in homologous and heterologous 
transgenic plants. Plant Cell 6: 1789-1803 

Paiva NL, Edwards R, Sun Y, Hrazdina G, Dixon RA (1991) Stress 
responses in alfalfa (Medicago sativa L.). 11. Molecular cloning 
and expression of alfalfa isoflavone reductase, a key enzyme 
of isoflavonoid phytoalexin biosynthesis. Plant Mo1 Biol 17: 

Peach C, Velten J (1991) Transgene expression variability (position 
effect) of CAT and GUS reporter genes driven by linked diver- 
gent T-DNA promoters. Plant MOI Biol 17: 49-60 

Qin X-F, Holuigue L, Horvath DM, Chua N-H (1994) Immediate 
early transcription activation by salicylic acid via the cauliflower 
mosaic virus as-1 element. Plant Cell 6 863-874 

Reinbothe S, Mollenhauer B, Reinbothe C (1994) JIPs and RIPs: 
the regulation of plant gene expression by jasmonates in re- 
sponse to environmental cues and pathogens. Plant Cell6: 1197- 
1209 

Ricci P, Bonnet P, Huet J-C, Sallantin M, Beauvais-Cante F, 
Bruneteau M, Billard V, Michel G, Pernollet J-C (1989) Struc- 
ture and activity of proteins from pathogenic fungi Pkytophthora 
eliciting necrosis and acquired resistance in tobacco. Eur J Bio- 
chem 183: 555-563 

Roby D, Broglie K, Gaynor J, Broglie R (1991) Regulation of a 
chitinase gene promoter by ethylene and elicitors in bean pro- 
toplasts. Plant Physiol 97: 433-439 

Ryals J, Lawton KA, Delaney TP, Friedrich L, Kessmann H, 
Neuenschwander U, Uknes S, Vernooij B, Weymann K (1995) 
Signal transduction in systemic acquired resistance. Proc Natl 
Acad Sci USA 92: 42024205 

Ryals J, Uknes S, Ward E (1994) Systemic acquired resistance: 
Plant Physiol 104 1109-1112 

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with 
chain-terminating inhibitors. Proc Natl Acad Sci USA 83: 8073- 
8076 

Schardl CL, Byrd AD, Benzion G, Altschuler MA, Hildebrand DF, 
Hunt AG (1987) Design and construction of a versatile system for 
the expression of foreign genes in plants. Gene 61: 1-11 

Schindler U, Terzaghi W, Beckmann H, Kadesch T, Cashmore 
AR (1992) DNA binding site preferences and transcriptional 

USA 90: 7490-7494 

653-667 



Regulation of Defense Gene Expression 45 1 

activation properties of the Arabidopsis transcription factor 

Shen Q, Zhang P, Ho T-H D (1995) Molecular nature of abscisic 
acid (ABA) response complexes: composite promoter units that 
are necessary and sufficient for ABA induction of gene expres- 
sion in barley. Plant Cell 8 1107-1119 

Shinshi H, Usami S, Ohme-Takagi M (1995) Identification of an 
ethylene-responsive region in the promoter of a tobacco class I 
chitinase gene. Plant Mo1 Biol 27: 923-932 

Somssich IE, Schmelzer E, Kawalleck P, Hahlbrock K (1986) Rapid 
activation by fungal elicitor of genes encoding pathogenesis- 

GBF1. EMBO J 11: 1275-1289 

related proteins incultured parsley cells. Proc NGI Âcad &i USA 
83: 2427-2430 

Tedford EC, Miller TL, Nielsen MT (1990) A detached-leaf tech- 
nique for detecting resistance to Phytophthora parasitica var. Nico- 
tianae in tobacco. Plant Disease 74 313-316 

Tenhaken R, Levine A, Brisson LF, Dixon RA, Lamb C (1995) 
Function of the oxidative burst in hypersensitive disease resis- 
tance. Proc Natl Acad Sci USA 9 2  4158-4163 

Uknes S, Dincher S, Friedrich L, Negrotto D, Williams S, 
Thompson-Taylor H, Potter S, Ward E, Ryals J (1993) Regula- 
tion of pathogenesis-related protein-la gene expression in to- 
bacco. Plant Cell 5: 159-169 

van de Locht U, Meier I, Hahlbrock K, Somssich IE (1990) A 125 
bp promoter fragment is sufficient for strong elicitor-mediated 
gene activation in parsley. EMBO J 9: 2945-2950 

Vogeli U, Chappell J (1988) Induction of sesquiterpene cyclase 
and suppression of squalene synthetase activities in plant cell 
cultures treated with fungal elicitor. Plant Physiol 8 8  1291- 
1296 

Vogeli U, Chappell J (1990) Regulation of sesquiterpene cyclase in 
cellulase-treated tobacco cell suspension cultures. Plant Physiol 
94 1860-1864 

Vogeli U, Freeman JW, Chappell J (1990) Purification and charac- 
terization of an inducible sesquiterpene cyclase from elicitor- 
treated tobacco cell suspension cultures. Plant Physiol93 182-187 

Ward E, Uknes SJ, Williams SC, Dincher SS, Wiederhold DL, 
Alexander DC, Ahl-Goy P, Metraux JP, and Ryals JA (1991) 
Coordinate gene activity in response to agents that induce sys- 
temic acquired resistance. Plant Cell 3: 1085-1094 

Watson DG, Brooks CJW (1984) Formation of capsidiol in Capsi- 
cum annuum fruits in response to non-specific elicitors. Physiol 
Plant Pathol 7: 265-276 

Weisshaar B, Armstrong GA, Block A, da Costa e Silva O, Hahl- 
brock K (1991) Light-inducible and constitutively expressed 
DNA-binding proteins recognize a plant promoter element with 
functional relevance in light responsiveness. EMBO J 1 0  1777- 
1786 

Whitehead IM, Threlfall DR, Ewing DF (1989) 5-epi-aristolochene 
is a common precursor of the sesquiterpenoid phytoalexins cap- 
sidiol and debneyol. Phytochemistry 2 8  775-779 

Williams ME, Foster R, Chua N-H (1992) Sequences flanking the 
hexameric G-box core CACGTG affect the specificity of protein 
binding. Plant Cell 4: 485-496 

Yu LM, Lamb CJ, Dixon RA (1993) Purification and biochemical 
characterization of proteins which bind to the H-box cis-element 
implicated in transcriptional activation of plant defense genes. 
Plant J 3: 805-816 

Zhu Q, Chappell J, Hedrick SA, Lamb C (1995) Accurate in vitro 
transcription from circularized plasmid templates by plant 
whole cell extracts. Plant J 7: 1021-1030 

Zook MN, Kuc JA (1991) Induction of sesquiterpene cyclase and 
suppression of squalene synthetase activity in elicitor treated or 
fungal infected potato tuber tissue. Physiol MOI Plant Pathol39: 
377-390 




